Aims/background-The aim of this study was to assess quantitatively the eVectiveness of hyaluronan on corneal disruption in patients with dry eye. Corneal epithelial barrier function was evaluated by measuring fluorescein permeability using a slit-lamp fluorophotometer. Methods-11 patients with dry eye were assigned to this study. Hyaluronan ophthalmic solution (0.1% hyaluronic acid) was instilled five times a day to the right eye, in addition to the usual artificial tear solutions. The left eye received only the artificial tear solutions. Corneal barrier function was evaluated on the pretreatment day, and at 2 and 4 weeks after treatment. Fluorophotometry was used to measure fluorescein uptake at the central and lower corneal portions. Results-Two weeks after treatment, hyaluronan treated right corneas showed significant corneal epithelial barrier improvement in the lower portion, compared with the pretreatment day (p<0.025). Four weeks after treatment, the treated corneas showed significant improvement in the central corneal portion (p<0.025) and improvement in the lower portion, compared with the pretreatment day. The untreated left corneas, on the other hand showed no improvement during the course of the study. Conclusion-This study suggests that hyaluronan is eVective in the treatment of corneal epithelial disruption in dry eye. (Br J Ophthalmol 1997;81:533-536) 
The epithelium of the ocular surface functions as a barrier to the penetration of noxious substances into the cornea and maintains ocular surface integrity.
1-3 Aqueous deficient dry eye is characterised by tear deficiency and an alteration of tear properties, which can cause epithelial barrier dysfunction, resulting in superficial punctate epithelial lesions, both of the cornea and conjunctiva. 4 Many types of artificial tear have been developed to improve disturbed corneal epithelial surface and to relieve dry eye symptoms. 5 6 Among these, hyaluronan (hyaluronic acid) has been reported to be eVective in improving symptoms and lessening ocular surface epithelial damage 7 and has been commercially available in Japan since 1995. This substance reportedly promotes corneal epithelial wound healing, 8 protects the corneal epithelium, 9 and possesses water retentive properties. [10] [11] [12] [13] In the treatment of dry eye, however, the eYcacy of hyaluronan remains questionable, and both significant improvement 14 15 and no significant improvement 16 17 have been reported in clinical trials.
Since the lower region of the corneal epithelium is preferentially damaged in cases of dry eye, the present study was directed towards the simultaneous evaluation of the barrier function of the central versus the lower portions of the cornea, using fluorophotometry. [18] [19] [20] Using this method, the eVectiveness of hyaluronan in ameliorating corneal epithelial disruption was assessed quantitatively in patients with dry eye.
Patients and methods

PATIENTS
Eleven patients with dry eye, aged 43-84 years (mean 60.5 (SD 13.7) years), seven with Sjögren's syndrome and four without, were assigned to this study. Sjögren's syndrome was diagnosed on the basis of Fox's criteria. 21 Dry eye had already been diagnosed on the basis of symptoms such as burning or a foreign body sensation, and on the basis of clinical tests including Schirmer's, with or without anaesthesia (<5 mm), measurement of the tear break up time (<5 seconds), and evaluation of ocular surface staining with rose bengal (>3) 22 and/or fluorescein (>1). 23 Before this study, the patients had received artificial tears which were non-hyaluronan based, namely either preservative free solution containing 0.1% KCl and 0.4% NaCl (Softsantear, Santen Pharmaceutical Co Ltd, Osaka, Japan) or chondroitin sulphate solution containing 1% chondroitin sulphate and chlorobutanol as a preservative (Chondron 1%, Kaken Pharmaceutical Co Ltd, Tokyo, Japan).
Following informed consent, hyaluronan ophthalmic solution (HyaleinMini 0.1, Santen Pharmaceutical Co Ltd, Osaka, Japan) containing 0.1% hyaluronic acid (mean molecular weight: 60-120 Da), NaCl and KCl, no preservatives, at a pH of 6.0-7.0, and an osmolarity ratio (relative to the osmolarity of 0.9% NaCl solution) of 0.9-1.1, was applied to the right eye only every 2 hours during the daytime (five times a day), in addition to the artificial tear solution. The hyaluronan solution was instilled 1 minute after the application of the artificial tear solution. The left eye received only the artificial tear solution. No washout period was used in this study.
CHARACTERISTICS OF SLIT-LAMP
FLUOROPHOTOMETER
In this study we used a slit-lamp fluorophotometer 19 (modification of the ante-rior fluorometer, 20 Kowa Co, Japan), with a wide measurement area (0.3 mm × 0.5 mm; vertical × horizontal section). The longitudinal length of the focal diamond was 0.9 mm and 0.55 mm from the corneal surface along the horizontal and vertical sections, respectively. The maximal plane of the focal diamond of the receiving system could be easily adjusted to the corneal surface while the observer viewed the cornea from the front, and the fluorescent light could be received directly in front. This approach could be applied not only at the central cornea, but also at the peripheral cornea. A reticle with the three concentric circles also helped in the adjustment of the focal diamond maximal plane which had good reproducibility, especially in the peripheral cornea. A measurement angle (degrees of illumination system away from the receiving system in the horizontal plane) of 30°was selected and measurement time was approximately 1.0 second.
MEASUREMENT OF CORNEAL EPITHELIAL BARRIER
FUNCTION
The fluorophotometric procedure used in this study to evaluate corneal epithelial barrier function was the same as that described in previous reports, 19 20 except that the barrier function of the lower portion of the cornea was also measured immediately after measurement at the central cornea. Briefly, after measurement of background fluorescence (autofluorescence) intensity at the central portion and at a point two thirds from the centre toward the lower limbus, 3 µl of 0.5% (5 mg/ml) BSS Plus (Alcon) fluorescein solution was applied to each subject eye at the lower conjunctival sac with an Eppendorf micropipette, in non-contact fashion. Ten minutes after instillation, the eye was washed with 20 ml of BSS Plus. Thirty minutes after instillation (20 minutes after eye washing), fluorescence intensity was measured 10 times at the central and lower portions of the cornea. The background fluorescence value was then subtracted; the counts obtained were converted into fluorescein concentrations using low and high range calibration lines determined using the 0.50 mm wide slide glass corneal model 19 (low range: y=4.81+3.49x (0<x<22), high range: y=−25.1+3.95x (23<x<1200); y = fluorescein concentration (ng/ml), x = measurement count). Within these ranges, linear correlations were obtained. From the concentration (corneal fluorescein uptake), corneal epithelial barrier function was evaluated.
PATIENT FOLLOW UP
The subjects were seen at 2 week intervals for 1 month, with the barrier function measured on the pretreatment day, 2 weeks after treatment, and 4 weeks after treatment.
STATISTICAL ANALYSIS
The fluorescein uptake data were analysed, throughout the testing, in terms of: (i) hyaluronan treated cornea (right eye) and untreated cornea (left eye); central and lower portions of the cornea; and (iii) the 3 days of corneal epithelial barrier measurements.
Data analysis was performed after all studies had finished by a ophthalmologist who did not participate in the corneal epithelial barrier function measurement. The values were analysed by the paired t test and a p value of 0.05 or less was considered significant.
Results
CHANGES IN FLUORESCEIN UPTAKE AT THE LOWER PORTION OF THE CORNEA
On the pretreatment day, mean fluorescein uptake at the lower portion of the hyaluronan treated corneas (right eye) was 1314.6 (SE 379.5) ng/ml (n=10), while that in the untreated corneas (left eye) was 1352.0 (467.1) ng/ml (n=10).
Two weeks after treatment, these figures were 719.3 (270.7) ng/ml (n=10) and 1295.2 (494.7) ng/ml (n=10) respectively, showing significant barrier function improvement in the treated corneas, compared with pretreatment values (p<0.025) (Figs 1 and 2) .
Four weeks after treatment, these respective figures were 625.0 (216.4) ng/ml (n=10) and 1227.6 (480.3) ng/ml (n=10) respectively, showing no further barrier function improvement in the treated corneas and no significant improvement in the untreated corneas during the extended treatment course. (FIG 3) On the pretreatment day, fluorescein uptake at the central portion of the treated corneas (right eye) was 747.9 (293.6) ng/ml (n=11), while that in the untreated corneas (left eye) was 388.0 (194.4) ng/ml (n=11).
CHANGE IN FLUORESCEIN UPTAKE AT THE CENTRAL PORTION OF THE CORNEA
Two weeks after treatment, the figures were 527.9 (251.5) ng/ml (n=11) and 417.4 (180.9) ng/ml (n=11) respectively, showing no significant barrier function improvement in the treated corneas, compared with pretreatment values.
Four weeks after treatment, the figures were 436.3 (169.3) ng/ml (n=11) and 637.0 (302.0) ng/ml (n=11) respectively, with the treated eye showing a significant improvement (p<0.025).
Discussion
The present study showed the addition of hyaluronan treatment to be eVective in improving corneal epithelial barrier function, both at the lower and central cornea, while conventional artificial tear application to the untreated eye aVorded no barrier improvement. These results suggest that hyaluronan eVectively improves the integrity of corneal superficial cells, as corneal epithelial barrier function is exerted mainly by the superficial layer of the epithelium.
Improvement in epithelial barrier function was seen at the lower portion earlier and was greater than at the central portion, but further improvement was not seen after 4 weeks of treatment. This earlier and greater improvement at the lower corneal portion suggests that hyaluronan may be better retained in the lower meniscus than in the central precorneal tears, which may be attributable to the diVerences in the distribution of hyaluronan within tears between the lower meniscus and the central precornea, resulting in greater or lesser water retention properties. 11 12 Barrier improvement appears to be unrelated to the simple increase in instillation resulting from the addition of hyaluronan. In our experience, increased instillation of the artificial tears used in this study does not cause the improvement seen in this study with hyaluronan. Summarising, in a previous study, we doubled the instillation times from 6 to 12 drops per day using the same non-hyaluronan based artificial tears as described previously, but only in the right eye of seven patients with dry eye. The left eye was left on the original six times instillation. Both eyes were subjected to identical fluorophotometric measurement, once on the pretreatment day and again 2 weeks later. The results showed that there was no significant improvement in the corneal epithelial barrier function of the right eye, either in the central or the lower portion. For example, the fluorescein uptake in the lower portion of the right eye on the pretreatment day was 120.5 (46.9) ng/ml (n=7), while 2 weeks after treatment, it was 75.2 (21.5) ng/ml (n=7).
Various kinds of artificial tears have been developed to relieve symptoms and to improve the ocular surface epithelial damage associated with dry eye. 5 6 16 Among these products, hyaluronan, whose viscoelastic properties are known to help protect the corneal endothelium 24 during intraocular surgical intervention, has also been shown to be of benefit as a tear substitute. 7 14 15 The water retentive properties of hyaluronan, as reflected by diminished fluorescein turnover within the tear meniscus, 11 radioactive molecule turnover in precorneal tears, 12 helps to preserve tear fluid and also provides tear film stability in dry eyes. 10 Moreover, hyaluronan is known to actively promote corneal wound healing by accelerating cell migration. 8 In the treatment of dry eye, these characteristics oVer advantages over other artificial tears. The eVectiveness of hyaluronan has been reflected in the alleviation of patient symptoms, 7 15 16 and in the diminishing of rose bengal staining score, 15 mucus strand formation, and tear evaporation. 25 Though the superficial layer of the corneal epithelium comprises a strong barrier, 1-3 this layer is very susceptible to tear deficiency; even subclinical dry eye, which presents no clinical superficial punctate epithelial keratopathy, shows decreased barrier function fluorophotometrically. 18 20 In this study, therefore, given the experience of corneal epithelial barrier disruption in dry eye, [18] [19] [20] we applied fluorophotometry as a sensitive and quantitative method of assessing improvement in barrier function after hyaluronan treatment. Fluorescein permeability was also measured, essentially simultaneously, at both the central and lower portions of the cornea, since the lower portion is often predominantly involved in dry eye.
Whether hyaluronan improves corneal epithelial barrier function through its ability to promote corneal epithelial cell migration, as well as by its water retentive properties, is not clear. This question will probably be resolved in future studies.
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